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Abstract
Synchrotron x-ray absorption spectroscopy (XAS) and electron spin resonance (ESR)
experiments were performed to determine, in combination with Raman spectroscopy and x-ray
diffraction (XRD) data from previous reports, the structure and paramagnetic defect status of
Si-nanoclusters (ncls) at various intermediate formation stages in Si-rich Si oxide films having
different Si concentrations (y = 0.36–0.42 in SiyO1−y), fabricated by electron cyclotron
resonance plasma-enhanced chemical vapor deposition and isochronally (2 h) annealed at
various temperatures (Ta = 900–1100 ◦C) under either Ar or (Ar+ 5%H2) atmospheres. The
corresponding emission properties were studied by stationary and time dependent
photoluminescence (PL) spectroscopy in correlation with the structural and defect properties.
To explain the experimental data, we propose crystallization by nucleation within already
existing amorphous Si-ncls as the mechanism for the formation of the Si nanocrystals in the
oxide matrix. The cluster-size dependent partial crystallization of Si-ncls at intermediate Ta
can be qualitatively understood in terms of a ‘crystalline core–amorphous shell’ Si-ncl model.
The amorphous shell, which is invisible in most diffraction and electron microscopy
experiments, is found to have an important impact on light emission. As the crystalline core
grows at the expense of a thinning amorphous shell with increasing Ta, the PL undergoes a
transition from a regime dominated by disorder-induced effects to a situation where quantum
confinement of excitons prevails.
(Some figures may appear in colour only in the online journal)
1. Introduction
A great deal of experimental and theoretical work has
been devoted to the understanding of the thermally driven
formation and structure of luminescent silicon nanoclusters
(Si-ncls) in metastable Si-rich Si oxides (SRSO) [1–4] and
their optical properties [5–12]. This system is regarded as a
basis for an important class of materials for the development
of lasers [13], optical waveguides [14], photonic [15] and third
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generation solar cell devices [16] based on Si. The formation
of Si-ncls within amorphous silicon oxides at different
annealing stages has been studied by various techniques,
and surprisingly high crystallization temperatures [2, 3] and
low activation energies of nanocrystal size growth [2, 4]
have been reported. Luminescence in the visible, however,
is often observed to appear and to evolve in correlation with
Si-ncls formation and growth, as is expected from quantum
confinement (QC) of excitons in crystalline Si-ncls [17,
18], albeit its specific origin is still a matter of active
discussion in the literature [19]. The thermally induced
formation of Si-ncls has been shown to be also a very
important step for the sensitization of erbium light emission
from erbium-doped SRSO [20]. It is thus remarkable that
after more than a decade of studies, many aspects of the
microscopic mechanisms of Si nanocrystal formation, and the
relation between the structural properties of the material and
its optical characteristics, are still poorly understood. One of
the probable reasons for this is the amorphous character of the
base material for Si-ncls formation, namely the SRSO, whose
properties have received little attention in many studies. The
amorphous SRSO metastability, which is the driving force for
Si precipitation within the oxide, implies that many different
lattices could result not only from different SRSO deposition
techniques, but also from different process parameters for a
given film fabrication method. Important characteristics such
as medium range (structural) order in the amorphous oxide
lattice and its initial chemical order status have been seldom
studied, although it seems clear they can be key factors in the
determination of the kinetic pathways leading to the specific
mechanisms for the formation of Si-ncls and the surrounding
matrix, and their final properties.
In this work, we use electron spin resonance (ESR)
and synchrotron x-ray absorption (XAS) measurements, in
combination with x-ray diffraction (XRD) [3] and Raman
spectroscopy [21] data from our previous studies, to determine
the structure and paramagnetic defect status of Si-ncls
at their various intermediate formation stages in SRSO
films having different Si concentrations. The materials were
fabricated by electron cyclotron resonance plasma-enhanced
chemical vapor deposition (ECR-PECVD) and annealed at
various temperatures under either Ar or (Ar + 5%H2)
atmospheres. We then analyze the corresponding emission
properties of the materials by stationary and time dependent
photoluminescence (PL) spectroscopy in correlation with the
structural and defect properties. From this approach, a clear
picture for Si-ncl formation, growth and crystallization within
the amorphous oxide matrix is deduced, and the influence of
key process parameters such as annealing temperature, gas
atmosphere and Si excess concentration on the structure and
the emission process is elucidated.
2. Experimental details
2 µm thick SRSO films with various Si concentrations
(y = 0.36–0.42, where y is defined as the Si concentration
in SiyO1−y) were deposited on fused quartz and (100) Si
substrates by ECR-PECVD. The substrate temperature during
the depositions was 120 ◦C and the ECR power 500 W. The
films were then isochronally annealed under Ar or (Ar +
5%H2) at either 900, 1000 or 1100 ◦C for 2 h to promote
different stages of Si-ncl formation in an amorphous Si
oxide matrix, as described elsewhere [3, 17]. Some samples
on Si substrates were studied by XAS at the spherical
grating monochromator (SGM) beamline of the Canadian
light source (CLS) synchrotron facility. ESR measurements
were performed at room temperature on films deposited
on quartz substrates, using a Bruker ER-200 spectrometer
working at 9.375 GHz (X band). Microwave power was
set at 2 mW, and the modulation frequency was 100 kHz
with modulation amplitude of 0.32 mT. Effective g factors
(geff) were determined from the baseline crossing of ESR
derivative signals with the help of a calibration standard
sample. The films on quartz were studied by PL (CW) and
time-resolved PL spectroscopy. The PL spectra were recorded
by using an HR4000 Ocean Optics spectrometer as a detection
system. The 442 nm line of a He–Cd laser was used as the
excitation source. The decay kinetics of the luminescence
were studied using the second harmonic of a Q-switched
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
(532 nm, 6 Hz repetition rate) as the source of excitation. The
excitation pulse width was 5 ns. The decay luminescence was
detected by a Thermo Jarrel Ash monochromator (25 cm focal
length) equipped with a Hamamatsu R928 photomultiplier
tube. A digital oscilloscope processed the signal averaging
over 250 pulses. All PL spectra and decay luminescence were
collected at room temperature.
3. Results
3.1. Structural properties
As already known from our previous studies [21], amorphous
and crystalline Si regions are detected by Raman scattering
in SRSO annealed under either Ar or (Ar + 5%H2).
The amorphous/crystal fraction varies strongly with the
Si concentration in the SRSO (y > 1/3 in SiyO1−y) and
annealing temperature (Ta), but is not sensitive to the gas
atmosphere. For Ta = 900 ◦C at any of the studied oxide
compositions, the Si clusters within the oxide are essentially
amorphous. A crystalline Si signature appears for Ta = 1000◦C and it approaches 100% for Ta = 1100 ◦C, the larger the
value of y, the larger the crystalline fraction at each Ta [21].
These results are consistent with the formation of Si-ncls as
detected by x-ray diffraction (XRD) in similar oxide samples
deposited on Si wafers and annealed both under Ar or (Ar +
5%H2) [3].
Figure 1 shows XAS spectra in the Si K-shell region
for an as-grown SiyO1−y film with y = 0.40 and for samples
annealed at 900 and 1100 ◦C under Ar. The spectrum
for the unannealed sample shows the typical contributions
from Si–SinO4−n (n = 0–4) tetrahedra that coexist in the
amorphous SRSO lattice [22, 23]. The peaks at 1840 and
1847 eV correspond to Si–Si4 (n = 4) and Si–O4 (n = 0),
respectively. After the thermal treatments, the contributions
from the mixed tetrahedra [Si–SinO4−n(n = 1–3)] decrease,
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Figure 1. X-ray absorbance spectra for an as-grown SiyO1−y film
with y = 0.40 (black solid line), and after annealing in Ar for 2 h at
900 (dotted–dashed line) and 1100 ◦C (dotted line). The spectra
corresponding to a crystalline Si wafer (‘Si ref.’) and amorphous
SiO2 (‘SiO2 ref.’) are also shown for reference. The ‘fit’ spectrum
corresponds to a linear combination of the spectra for Si and SiO2
assuming 12 vol% Si. Vertical dashed bars indicate the position of
the peaks corresponding to Si–Si4 and Si–O4 tetrahedra.
as can be seen by the reduction in the number of counts
in the region between 1841 and 1845 eV, while that from
Si–O4 increases. This is consistent with previous XRD [3]
and Fourier transform infrared spectroscopy [17, 24] (FTIR)
studies, which show that the SiO2 phase is stabilized with
increasing Ta, and indicates a chemical ordering process
mediated by diffusion. In contrast, the intensity of the Si–Si4
peak at 1840 eV changes very little upon annealing. From
this intensity and the XAS spectra for pure Si and SiO2
reference samples, a fraction of Si–Si bonds of about 12%
can be deduced for this oxide, which is present already in the
unannealed sample. This is more than an order of magnitude
larger than what would be expected for a simple statistical
distribution of bonds in a random SiyO1−y alloy (i.e. 0.8%
for y = 0.40) [23]. It can be concluded that the as-grown film
contains regions of clustered Si whose overall volume does
not change significantly during the annealing processes. Since
diffraction peaks are not observed by XRD measurements in
these as-grown films [3], it is deduced that the Si clusters are
amorphous. From the Raman [21] and XRD data [3] it can
be inferred that the amorphous character of the Si clusters for
oxide samples with y ≤ 0.42 is maintained for Ta = 900 ◦C,
regardless of the gas atmosphere (Ar or Ar+ 5%H2) used.
Figure 2. Absorption (a) ESR derivative absorption as a function of
the magnetic field for SiyO1−y films with y = 0.36, 0.39 and 0.42
annealed at 900 ◦C for 2 h in Ar atmosphere. (b) Spin density as a
function of the Si concentration as obtained from the intensities of
the ESR peaks in (a). Error bars for the spin density are roughly the
same size as the data symbols.
3.2. Paramagnetic defects
Figure 2(a) shows the ESR derivative absorption signals
obtained from SiyO1−y (y = 0.36, 0.39 and 0.42) samples
on fused quartz after annealing at 900 ◦C in Ar. All the
spectra are slightly asymmetric and have geff values that vary
between 2.0052 and 2.0059. The resemblance of these spectra
to that typically reported for amorphous Si [25] (geff = 2.0055
and very similar asymmetry) suggests that the dominant
paramagnetic defect in this case is the Si dangling bond (db) in
a disordered Si environment (i.e. the ‘D center’ [26]). Indeed,
this is consistent with the XAS, Raman and XRD observations
discussed in section 3.1, which indicate that clusters of
amorphous Si are present in the unannealed and annealed at
900 ◦C Si oxide samples. However, Pb-type defects, i.e. Si-dbs
at the Si cluster/SiO2 interfaces, could also contribute, as
their signal occurs typically at very close positions to the
D center peak [26]. We typically do not observe significant
contributions from other possible defects in SRSO, such as
EX, E, E′, S or S′ types.
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Figure 3. Spin density obtained from ESR measurements for
SiyO1−y films with y = 0.36, 0.39 and 0.42 annealed for 2 h in Ar
atmosphere, as a function of the annealing temperature. Error bars
for the annealing temperatures are shown for y = 0.42 only; error
bars for the spin density are roughly the same size as the data
symbols. Lines connecting data points are guides for the eye.
As can be seen in figure 2(b), the defect density (inferred
from the double integral of the ESR signals), increases
linearly with the Si concentration in the SRSO. As discussed
in section 3.1, the XAS data indicate that most of the Si excess
in the oxide is clustered for Ta = 900 ◦C. Since the total Si
volume is expected to increase linearly with y in SiyO1−y,
the proportionality observed in figure 2(b) suggests that the
observed paramagnetic defects occur mainly in the volume of
the amorphous Si clusters. This indeed can be expected for db
in a-Si clusters, as dbs occur in a-Si to minimize strain of the
overcoordinated amorphous lattice [27].
Figure 3 shows the paramagnetic defect density in the
studied SRSO samples as a function of Ta. With increasing
Ta from 900 to 1000 ◦C and 1100 ◦C, the defect density
for samples with relatively large y = (0.39, 0.42) decreases,
while it remains small and almost unchanged for y = 0.36.
It is interesting to note that at 1000 ◦C partial crystallization
is observed by Raman [21] and detected also by XRD
measurements [3]. In fact, it is known that during the
crystallization of bulk amorphous Si Si-dbs annihilate [28].
There is no apparent reason to assume that db annihilation
would not also occur upon crystallization of a-Si-ncls
embedded in the Si oxide. Hence, we propose this process
as the probable reason for the reduction of the db density
with increasing Ta (figure 3) that occurs concomitant with the
crystallization observed by both Raman and XRD.
When the annealing treatments are performed under
(Ar + 5%H2), a strong reduction in the ESR intensity is
observed as compared to the sample annealed under pure Ar.
In figure 4, the ESR spectra from the SRSO sample with y =
0.42 and annealed at Ta = 1100 ◦C under Ar and (Ar+5%H2)
are shown. In fact, strong reductions (factors of 4–10) of the
defect density are observed for samples annealed under (Ar+
5%H2) at any Ta with respect to samples treated at the same Ta
under pure Ar (not shown). This is evidence of H passivation
Figure 4. ESR derivative absorption as a function of the magnetic
field for SiyO1−y films with y = 0.42 annealed at 1100 ◦C for 2 h in
Ar (blue) and Ar+ 5%H2 (red) atmospheres.
of the remaining Si-dbs in the samples. As will be shown
in section 3.3, increases of the PL intensity by comparable
factors are observed, as is expected from the H passivation
given that dbs act as efficient non-radiative recombination
centers in both amorphous Si [27] and Si nanostructures [6,
9, 17, 24, 29–35].
3.3. Optical properties
Previous studies of similar samples have shown that the
origin of the PL for fully crystallized Si-ncls is related to
emission from recombining quantum confined excitons in
the Si-ncls [17, 21]. Figure 5 compares the near-infrared
PL characteristics for different SiyO1−y films with various y
values, after thermal annealing under Ar and (Ar + 5%H2)
at various Ta. The PL spectra are characterized by a broad
emission due to the range of confined carrier energies in
clusters of different sizes [36, 37] or to the random nature of
the interface states that may affect the PL spectrum [38].
Samples annealed under (Ar + 5%H2) show higher
intensities when compared to those annealed under pure Ar.
As mentioned in the previous subsections, this is due to
passivation of non-radiative recombination centers such as
Si-dbs [6, 9, 17, 24, 29–35], consistent with the present ESR
data. In addition, the PL spectra from samples treated at
1100 ◦C (figures 5(a)–(c)) under (Ar + 5%H2) are shifted to
lower energies when compared to emissions from samples
prepared under pure Ar. This trend was previously reported in
the literature and explained as a consequence of preferential H
passivation of dbs in the larger Si-ncls [30] and the thermal H2
dissociation and bond passivation in energetically favorable
distorted and broken bond sites of disordered ncls [6]. It is
interesting to note that while this effect is indeed observed for
Ta = 1100 ◦C, for which Si-ncls are essentially crystalline, no
significant PL peak shift upon hydrogenation is detected for
samples treated at 900 ◦C (figures 5(g)–(i)) and at 1000 ◦C for
the smaller Si concentrations (y = 0.36 and 0.39) (figures 5(d)
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Energy (eV)
Figure 5. Normalized PL characteristics of Si-ncl embedded in a-SiO2 matrix measured at room temperature. The excitation wavelength
was λexc = 442 nm. SRSO films with different Si concentration treated at 1100 ◦C (a)–(c), 1000 ◦C (d)-(f) and 900 ◦C (g)–(i).
The PL of samples annealed under Ar (black) and under Ar + 5%H2 (red) are compared.
and (e)). This fact is related to the mostly amorphous character
of the Si-ncls in these cases and will be discussed in section 4.
Previous [2, 12, 36, 39–54] and our own [21] studies
have shown that the integral PL time decay in Si-based
nanostructures can be fitted by the well-known stretched
exponential function I(t) ∝ exp[− (t/τPL)β ], from which the
characteristic PL lifetime, τPL, and exponent β, can be
deduced. We find that the β parameter does not change
significantly with the PL detection energy and thus can
be kept fixed for each sample without sacrificing the fit
quality. A spectral dispersion of the exciton recombination
rates has been reported in the literature [39, 55] and its
strength can be expressed by the slope E0 in the monolog
scale, since the PL decay rate (1/τPL) is expected to be
proportional to exp(E/E0) according to QC models [39].
Figure 6 summarizes the spectral dependence of 1/τPL
measured at 300 K for samples having Si concentration y =
(0.36, 0.39, 0.42) (figures 6(a)–(c), respectively) treated at
900, 1000 and 1100 ◦C under Ar (full symbols) and (Ar +
5%H2) (empty symbols) atmospheres. Note that the 1/τPL
values at the tails of the spectral profile for the samples
annealed at 900 ◦C (x = 0.36, 0.39, 0.42) and 1000 ◦C (x =
0.36) could not be recorded due to the characteristic very weak
emission intensity from these samples, which according to the
Raman data contain fully amorphous Si-ncls. The red lines in
figure 6 are the linear fits with exp(E/E0). It is seen that 1/τPL
decreases by almost two orders of magnitude from 106 s−1
for the samples annealed at 900 ◦C under Ar atmosphere
to the 104 s−1 range for samples treated at 1100 ◦C under
(Ar + 5%H2). The 1/τPL values decrease with increasing Ta
and to some extent also with H passivation (the latter can be
seen by the difference between full and empty symbols in
figure 6).
Slight deviations from the predicted linear behavior are
observed in the low energy range, mainly for Ta = 1000 ◦C
and y = 0.39 (figures 6(a) and (b)). We believe the reason
for these deviations is related to the amorphous character
of the smaller Si-ncls in the ensemble, where the emission
is probably related to disorder-induced effects rather than
QC. As explained in section 4.1, the Si-ncl ‘crystallization
temperature’ is expected to be larger the smaller the Si-ncl
is. Si-ncls emitting through a disorder-induced effect will
not show energy dispersion nor much blueshift, leading
to the leveling off of the data at low energies, just as
observed. Nonetheless, E0 values can be deduced in most
cases. For high annealing temperatures (Ta = 1100 ◦C) we
obtain E0 ∼ 0.23 eV which is close to E0 ∼ 0.3 eV reported
for high quality crystalline Si-ncl [40, 54] as well as predicted
theoretically (black line in figure 6(a)) by Delerue et al [39]
with a value of 0.31 eV. Higher values of about 0.5 eV
have been predicted by Allan et al [56] for hydrogenated
amorphous silicon nanoclusters (a-Si-ncl:H) (dashed line in
figure 6(a)).
The dependence of β on Ta for samples treated at
temperatures between 900 and 1100 ◦C for different sample
fabrication conditions are shown in figure 7. An increase
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Figure 6. Spectral dependence of the PL decay rates (1/τPL) for samples with (a) y = 0.36, (b) y = 0.39 and (c) y = 0.42 treated at 900,
1000 and 1100 ◦C (triangle, circle and square, respectively) under Ar (full symbols) or Ar+ 5%H2 (empty symbols). Error bars for the rates
(≤1.5%) are smaller than the data symbol size.
Figure 7. Dependence of β on Ta for samples with y = 0.36, 0.39,
0.42, triangle, circle and square, respectively under Ar (full
symbols) or Ar+ 5%H2 (empty symbols). The dashed line is a
guide for the eye. Error bars for β (≤0.6%) are smaller than the data
symbol size; error bars for the annealing temperatures are roughly
equal to the data symbol size in this scale.
of β from ∼0.5 to ∼0.7 is observed when the annealing
temperature increases from 900 to 1100 ◦C, indicating that
this exponent also depends on the Si-ncl structure.
4. Discussion
4.1. Structural model
The present ESR and XAS data, in conjunction with previous
Raman and XRD studies, show that most of the excess Si in
SiyO1−y with 0.36 ≤ y ≤ 0.42 is segregated into amorphous
Si-ncls dispersed in the amorphous oxide network in the
as-grown SRSO films. For annealing treatments at 900 ◦C
(2 h), the chemical order in the amorphous oxide increases,
as seen in the strong increase in the SiO2 characteristic
peak in the XAS spectrum, accompanied by a reduction of
contributions from mixed tetrahedra [Si–SinO4−n(n = 1−3)].
Previous XRD [3] and infrared spectroscopy [24] studies
have also shown a significant chemical ordering in the oxide
matrix from the annealing treatments in this temperature
range. As deduced from the present XAS data, the Si-ncls
at this stage remain essentially amorphous and their overall
volume does not increase considerably. This is interesting, as
the crystallization temperature of amorphous Si is known to be
significantly lower (about 500 ◦C) [28]. High crystallization
temperatures have been observed before in Si-ncls embedded
in amorphous oxides [2, 3] and it is tempting to attribute this
effect to the influence of the surrounding amorphous oxide
network. However, studies of isolated Si-ncls prepared by
PECVD have also shown crystallization temperatures well
above those typical in bulk a-Si [57]. Roura et al [57]
showed that crystallization is limited by the nucleation rate
and that in a-Si-ncls a single nucleus occurs near its center.
6
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In bulk a-Si, in contrast, crystallization occurs through many
cooperating neighboring nuclei, which leads to the much
lower crystallization temperature [57].
Hence, crystallization in Si-ncls begins from a single
nucleus at its core and one may expect that for not sufficiently
high temperatures (1000 ◦C for our 2 h isochronal annealing
treatments) the Si-ncls would consist of a crystalline core and
an amorphous shell, as also suggested by other authors [2].
The increasing crystallite size observed with increasing Ta by
XRD [3] may then be interpreted as an increasing crystalline
core at the expense of a thinning amorphous shell. In addition,
since for nucleation-limited crystallization the crystallization
rate is proportional to the Si-ncl volume, it is reasonable
that large Si-ncls will crystallize faster than small Si-ncls,
explaining why for y = 0.45 Si concentration (which leads
to ∼8 nm diameter Si-ncls at 1100 ◦C) [3] crystallization
is observed [3] for Ta = 900 ◦C, 2 h, in contrast to the
samples with smaller y values considered here. For small
(y = 0.36) Si concentration, Si-ncls are rather small (below
2 nm mean diameter) [24] and the crystallization temperature
is expected to be even higher. As a result, the db density in
this case does not decrease considerably even for Ta = 1100◦C (figure 3) and Si-ncls remain considerably amorphous even
for Ta = 1100 ◦C. As will be discussed below, the partial
crystallization in small Si-ncls obtained for small y SiyO1−y
samples annealed at 1000 and 1100 ◦C leads to deviations
from the behavior of the PL lifetimes expected from the
simple QC excitonic picture.
It should be pointed out that the present mechanism,
i.e. Si nanocrystal growth by crystallization of already existing
a-Si regions, seems to depend on the particular structure of
the amorphous SRSO film grown in the first place. Others, for
instance, have found an increasing db density with increasing
Ta in the Si nanocrystal growth regime [58], in contrast to the
behavior found here for y = 0.39 and 0.42 (figure 3). This is
evidence of a different Si nanocrystal formation mechanism.
For instance, for an as-grown metastable SiyO1−y oxide with
a simple statistical bonding distribution [23] (i.e. without Si
clustering), crystallization could possibly be controlled by the
diffusion of Si atoms [1, 3] (i.e. by mass transfer) and not
by an amorphous to crystalline transition. At this point the
reason for the clustering of the excess Si in the as-grown
SRSO is not clear. A possible reason could be related to
H-mediated diffusion at the growth surface. It is known that,
during PECVD, H atoms are detached from the SiH4 molecule
and may be highly mobile, thus mediating atomic motion
and relocations to energetically favorable configurations at the
oxide growth surface.
4.2. Photoluminescence
We now discuss the implications of the structural insights
from section 4.1 on the interpretation of the PL spectra
and decay rates. Let us first consider the effects of the
amorphous shell on exciton confinement and the emission
process. Since the bandgap energy of a-Si is not much
different than the indirect gap of c-Si, no significant potential
barrier is expected at the Si-ncl core–shell interface. Hence,
Table 1. Rough estimates for the Si-ncl radii for SiyO1−y samples
annealed at 1100 ◦C in (Ar+ 5%H2). rcore corresponds to the
crystalline core and is estimated from XRD data [3]. rtotal
corresponds to the full Si-ncl (core + shell) and is estimated from
amorphous and crystalline volume fractions determined by Raman
measurements [21]. The Si-ncls theoretical bandgap values Eg(rcore)
and Eg(rtotal) are taken from [60], while EPL is the mean emission
energy obtained from the experimental PL spectra (red lines) in
figures 5(a)–(c).
y
rcore
(nm)
rtotal
(nm)
Eg(rcore)
(eV)
Eg(rtotal)
(eV)
EPL
(eV)
0.36 0.9 1.5 2.08 1.57 1.57
0.39 1.5 2.1 1.57 1.40 1.52
0.42 2.5 3.3 1.34 1.28 1.41
the excitonic wavefunction will spread into the amorphous
Si regions. According to Street [27], the strong structural
disorder leads to a rapid loss of wavefunction coherence (in
one or two lattice spacings, namely, 0.5–1 nm). From the
Raman and XRD data, we estimate shell thicknesses between
0.5 and 1.5 nm, depending on the preparation conditions.
Hence, when the exciton arrives at the confining Si-ncl/SiO2
interface, it will have suffered enough scattering so its
wavefunction will have lost much of its phase coherence. This
will certainly reduce the QC effect on the emission. However,
the scattering will also relax the k-selection rule and weak
luminescent transitions may occur between states overlapping
in real space.
As noted previously [21], the dispersion of the PL decay
rates with emission energy (figures 6(a)–(c)) and the close
correspondence of the E0 values determined for samples
annealed at Ta = 1100 ◦C with previous experiments and
theoretical results for crystalline Si-ncls [39] indicate that QC
effects prevail in the emission process in these cases. This is
consistent with our previous studies in similar samples [3,
21, 24]. From the Raman and XRD data, it is possible to
obtain rough estimates for the mean Si-ncl crystalline core
and (core + shell) radii (rcore and rtotal, respectively) for these
samples. These are shown in table 1.
From these Si-ncl sizes, it is possible to give some
estimates for the expected bandgap energies in crystalline
Si-ncls [Eg(rcore) and Eg(rtotal)], as determined by tight
binding calculations [59]; these are also shown in table 1.
Before comparing these values with experimental mean
emission energies, we note that for annealing in an (Ar +
5%H2) atmosphere, the PL peak redshifts with respect to
that for samples annealed in Ar, mainly for Ta = 1100 ◦C.
This change occurs together with a strong enhancement of
the PL intensities and a reduction of the db density (from
ESR), clearly indicating the effect of H passivation of dbs
at the Si/SiO2 interface or within the Si-ncl amorphous shell.
The redshift can then be interpreted as due to changes in the
spectral emission weight. It is expected that larger Si-ncls
have a larger probability of having a Si db at their shell
or Si/SiO2 interface because of their larger interface area as
compared to smaller clusters. Hence, the luminescence from
large Si-ncls will be enhanced preferentially on H passivation,
leading to a preferential increase of emissions at low energies
and hence to the redshift of the PL band, as observed.
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We thus choose the spectra from samples annealed
at 1100 ◦C in (Ar + 5%H2), after proper correction for
the spectral detection system response, to extract the mean
emission energies (EPL) and include them in table 1. As can
be seen, the emission energy decreases as both rcore and
rtotal increase from y = 0.36 to 0.42, as expected for a QC
effect. Furthermore, these changes are in better agreement
with Eg(rtotal) than with Eg(rcore). Actually, this is expected,
as no significant confining barrier should exist at the core/shell
interface, meaning that the exciton is able to extend all
over the Si-ncl, including the amorphous shell up to the
confining Si/SiO2 interface. Hence, the emission energy
should indeed be related to the total Si-ncl size (rtotal). This
is a very important point, as many reports in the literature
have ignored the possible presence of an amorphous Si shell,
which is invisible in most diffraction and electron microscopy
experiments.
A word of caution should be given about the comparisons
made in table 1. Si-ncls having different structures and sizes
are expected to contribute differently to the total PL band.
In particular, non-emitting Si-ncls will be completely missed
by PL, while they may contribute to the Raman and XRD
measurements. Nevertheless, these factors could change the
actual number results but not the observed general trends.
For Ta = 1000 ◦C, Si-ncls contain a still larger amor-
phous volume fraction as a shell surrounding a small
crystalline core, and one may expect larger wavefunction
decoherence leading to a reduction of the QC effect on the
emission as compared to Ta = 1100 ◦C. Indeed, for these
cases the PL peaks are relatively weak and the corresponding
1/τPL values show small dispersion with the PL emission en-
ergy (i.e. large E0 values, see circles in (figures 6(a) and (b)).
For Ta = 900 ◦C, the Si-ncls are fully amorphous.
High values of E0 (0.5 eV) have been predicted by Allan
et al [56] for a-Si:H nanoclusters (shown as a dashed
line in figure 6(a)). The large value as compared to that
corresponding to crystalline Si-ncls (E0 = 0.31 eV) results
from strong disorder-induced localization effects and the loss
of wavefunction coherence, both partially blurring out the
confinement effect [21]. The high E0 values for the samples
treated at 900 ◦C (and the leveling off of the curves at low
emission energy for Ta = 1000 ◦C, seen in figures 6(a) and
(b)) could be the result of the amorphous character of the
Si-ncls. In these cases, the origin of the emission could be
related to the disorder-induced breakdown of the k-selection
rule rather than due to QC, or some combination of both.
Nevertheless, it must be emphasized that some of the E0
values inferred from our results for Ta = 900 ◦C greatly
exceed even the theoretical value for a-Si:H ncls, indicating
that other emission mechanisms should be considered, such
as the self-trapped exciton at the Si-ncls surface, which
is expected to be favored in a disordered structure and
contribute to surface-related radiative recombination leading
to the pinning of the emission energy [60].
A small but noticeable effect of H passivation on E0 can
be observed for samples with high Si concentration (y = 0.42,
figure 6(c)) annealed at 1000 and 1100 ◦C. Samples without
passivation have slightly larger E0 than the passivated ones.
The probable reason for this is the increased contribution
of non-radiative processes to the PL decay rate in the
unpassivated sample. These processes are not expected to
depend on the emission energy and hence contribute as a
dispersionless non-radiative decay rate to the total PL decay
rate. The effect is seen more clearly in the y = 0.42 case
because for this Si concentration we obtain the largest Si-ncl
mean diameter and the number of surface dbs is expected
to increase with Si-ncl diameter. This, added to the fact that
the radiative transition rates should decrease with increasing
cluster size in an indirect bandgap semiconductor such as
Si, leads to a larger relative contribution of non-radiative
recombination channels for this case.
It is instructive to discuss the order of magnitude changes
in the PL rates with Ta and H passivation. On the one hand,
as seen in figure 6, (A) the 1/τPL values decrease by about
two orders of magnitude with increasing Ta (which leads
to crystallization of the Si-ncls and a concomitant reduction
of the db density). On the other hand, (B) H passivation
(which reduces the db density without changing the Si-ncl
structure) reduces the decay rates without greatly affecting
the energy dispersion as a whole. Effect (A) could be due to
the reduction of the non-radiative recombination rate (related
to the decreasing db density) and/or the reduction of the
radiative recombination component (resulting from the less
effective disorder-induced breakdown of the k-selection rule
as the Si-ncls crystallizes). In effect (B), in contrast, the 1/τPL
decrease must be due to the reduction of the non-radiative
recombination component only (decreasing db density with
H passivation).
Finally, the exponent β in the stretched exponential
function deserves a brief discussion. In figure 7, the increase
of β with Ta is correlated with the concomitant decrease of
the PL decay rate. Samples annealed at low temperatures
(900 ◦C) containing a-Si-ncls have low beta values (0.4 <
β < 0.6) with a strong dependence on sample fabrication.
For the case of samples annealed at high temperatures
(1100 ◦C) containing crystalline Si-ncls, β tends to a value of
∼0.7 similar to those for nanocrystalline Si [12, 44, 45, 61],
with weak dependence on sample fabrication. There is sparse
information in the literature about β values for a-Si-ncls;
for example, Irrera et al [62] have reported β ∼ 0.9 (λdet =
940 nm). β expresses the non-exponential character of the
decay process, with β = 1 giving a single exponential decay,
and β < 1 reflecting a lifetime distribution instead of a single
recombination lifetime. Obviously, lower β values mean
wider lifetime distributions due to a variety of non-radiative
processes that compete with the radiative ones. Therefore,
the low β values for samples treated at 900 ◦C indicate a
wide lifetime distribution probably related to the disorder of
the amorphous structure, while the dispersion of β values
could be related to the various structures that may result
due to the well-known metastability of the amorphous state.
Conversely, the larger and less disperse β values attained for
Ta = 1100 ◦C indicate a narrower lifetime distribution
associated with a single, more ordered structure that is
expected from the uniqueness of the crystalline state.
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5. Conclusions
A comprehensive analysis of the structural, defect and optical
properties of Si-ncls embedded in amorphous Si oxide
prepared by isochronal thermal annealing at different stages
of ECR-PECVD deposited SRSO films has been presented.
The annealing treatments induce crystallization of amorphous
Si clusters that are already segregated in the oxide matrix in
the as-grown films.
A crystalline core–amorphous shell model is proposed for
the Si-ncl structure which provides a satisfactory framework
to explain the Raman, ESR, XRD and PL data. For low
Ta (900 ◦C) the amorphous character dominates the Si-ncls
structure for all Si concentrations in the SRSO films
used here. In this case, the PL is weak, H passivation
does not lead to a redshift of the PL peak and the
PL decay rate energy dispersion is small or negligible.
Disorder-induced decoherence and/or localization of the
excitonic wavefunction, which diminish the QC and reinforce
the disorder-induced breakdown of the k-selection rule effects
on the emission process, is proposed as a possible explanation
for these effects. The PL decay rate is high in these
samples but it decreases strongly with increasing Ta, probably
due to the reduction of both non-radiative and radiative
recombination rates as the db density decreases and while
the Si-ncls crystallize. H passivation reduces the decay rates
without greatly affecting the energy dispersion as a whole
due to the reduction of the non-radiative recombination
component only.
Partial crystallization of the Si-ncls occurs for intermedi-
ate and high Ta, the crystalline volume fraction being larger
the larger the Si concentration in the original SRSO films and
the Ta. As the crystalline cluster core grows at the expense of
a thinning amorphous shell with increasing Ta, Si dangling
bonds are annihilated, as is expected for a crystallization
process. The PL becomes increasingly dominated by QC
effects characterized by decreasing PL decay rates, strong
redshifts of the PL band on passivation by H, larger detection
energy dispersion of the decay rates and higher PL intensities.
The stretched exponential PL decay parameter β changes
from low and disperse β values toward higher and less
disperse β values as Si-ncls crystallize with increasing Ta.
It is stressed that the total Si-ncls (i.e. crystalline core
+ amorphous shell) radii should be used, instead of just the
Si core nanocrystal radii (which are used in most studies), to
predict the emission energy from real Si-ncls systems.
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